We sequenced the genomes of 200 individuals from 41 families multiply affected with bipolar disorder (BD) to identify contributions of rare variants to genetic risk. We initially focused on 3,087 candidate genes with known synaptic functions or prior evidence from genomewide association studies. BD pedigrees had an increased burden of rare variants in genes encoding neuronal ion channels, including subunits of GABA A receptors and voltage-gated calcium channels. Four uncommon coding and regulatory variants also showed significant association, including a missense variant in GABRA6. Targeted sequencing of 26 of these candidate genes in an additional 3,014 cases and 1,717 controls confirmed rare variant associations in ANK3, CACNA1B, CACNA1C, CACNA1D, CACNG2, CAMK2A, and NGF. Variants in promoters and 5′ and 3′ UTRs contributed more strongly than coding variants to risk for BD, both in pedigrees and in the case-control cohort. The genes and pathways identified in this study regulate diverse aspects of neuronal excitability. We conclude that rare variants in neuronal excitability genes contribute to risk for BD. (1). Episodes of mania are marked by elevated or alternatively irritable mood, grandiosity, racing thoughts, rapid speech, diminished need for sleep, and risk-taking behavior. Depression includes sadness, low energy and motivation, decreased ability to experience pleasure, insomnia, and appetite changes. Psychosis with hallucinations and delusions can occur in either state. BD affects 1-2% of the US population, and if untreated, up to 15% of patients die from suicide. Twin and family studies suggest that heritable causes explain 60-80% of lifetime risk for BD (2), with an approximate eightfold relative risk in the siblings of BD probands (3). Several common genetic markers have shown significant and replicable associations in genome-wide association studies (GWASs), including a region near a voltage-gated calcium channel, CACNA1C, and another near a synaptic scaffolding gene, ANK3 (4). Additive effects of common loci detectable on commercially available genomic arrays may be used to predict about 25% of the risk for BD (5), but typically the function and exact location of the causative variants linked to these loci is unknown.
We sequenced the genomes of 200 individuals from 41 families multiply affected with bipolar disorder (BD) to identify contributions of rare variants to genetic risk. We initially focused on 3,087 candidate genes with known synaptic functions or prior evidence from genomewide association studies. BD pedigrees had an increased burden of rare variants in genes encoding neuronal ion channels, including subunits of GABA A receptors and voltage-gated calcium channels. Four uncommon coding and regulatory variants also showed significant association, including a missense variant in GABRA6. Targeted sequencing of 26 of these candidate genes in an additional 3,014 cases and 1,717 controls confirmed rare variant associations in ANK3, CACNA1B, CACNA1C, CACNA1D, CACNG2, CAMK2A, and NGF. Variants in promoters and 5′ and 3′ UTRs contributed more strongly than coding variants to risk for BD, both in pedigrees and in the case-control cohort. The genes and pathways identified in this study regulate diverse aspects of neuronal excitability. We conclude that rare variants in neuronal excitability genes contribute to risk for BD.
bipolar disorder | family genomics | regulatory variants | GABA A receptor | voltage-gated calcium channel B ipolar disorder (BD) is a psychiatric disorder characterized by episodes of mania and depression (1) . Episodes of mania are marked by elevated or alternatively irritable mood, grandiosity, racing thoughts, rapid speech, diminished need for sleep, and risk-taking behavior. Depression includes sadness, low energy and motivation, decreased ability to experience pleasure, insomnia, and appetite changes. Psychosis with hallucinations and delusions can occur in either state. BD affects 1-2% of the US population, and if untreated, up to 15% of patients die from suicide. Twin and family studies suggest that heritable causes explain 60-80% of lifetime risk for BD (2) , with an approximate eightfold relative risk in the siblings of BD probands (3). Several common genetic markers have shown significant and replicable associations in genome-wide association studies (GWASs), including a region near a voltage-gated calcium channel, CACNA1C, and another near a synaptic scaffolding gene, ANK3 (4). Additive effects of common loci detectable on commercially available genomic arrays may be used to predict about 25% of the risk for BD (5) , but typically the function and exact location of the causative variants linked to these loci is unknown.
Rare variants may explain additional risk for BD. It is possible that one or a few rare variants of large effect dramatically increase disease risk, resulting in an inheritance model resembling monogenic inheritance in a given family. However, four exomesequencing and whole-genome sequencing (WGS) studies of BD pedigrees have detected few, if any, plausible variants of large effect (6) (7) (8) (9) . An alternative oligogenic model posits that different combinations of several uncommon or rare variants of moderate effect cluster in affected individuals and collectively cause disease.
To test the hypothesis that rare variants contribute to risk for BD, we sequenced the genomes of 200 individuals from 41 multiply affected BD pedigrees of European ancestry. We sequenced 2-17 individuals per pedigree (SI Appendix, Table S1 and Figs. S1-S4). We selected clusters of closely related affected individuals, affected individuals separated by multiple meioses, or pairs of individuals discordant for BD. These three strategies are designed to maximize power to detect both monogenic and oligogenic effects. We analyzed these genomes from BD pedigrees together with the genomes of 254 individuals in control pedigrees of European descent.
Results
The genetic complexity and heterogeneity of BD limits power to identify causal genes in a genome-wide analysis (10) . To increase Significance Bipolar disorder (BD) is a common, severe, and recurrent psychiatric disorder with no known cure and substantial morbidity and mortality. Heritable causes contribute up to 80% of the lifetime risk for BD. Common genetic variation explains ∼25% of this heritable risk. Rare genetic variants may explain additional risk. We identified contributions of rare variants to BD by sequencing the genomes of 200 individuals from 41 families with BD. The two main findings of this study were as follows: rare risk variants for BD were enriched in genes and pathways that regulate diverse aspects of neuronal excitability; and most of these risk variants were noncoding with predicted regulatory functions. These results highlight specific hypotheses for future research and potential therapeutic targets.
power, we focused on 3,087 candidate genes and 325 gene sets (pathways) selected based on two hypotheses about the genetic basis of BD. First, we hypothesized that rare variants contributing to genetic risk for BD are enriched in genes with intrinsic neuronal functions. To test this hypothesis, we analyzed 2,511 candidate genes from proteomics studies of the synapse and curated databases of neuronal genes (SI Appendix). Second, we hypothesized that rare risk variants are enriched at loci with prior evidence from GWASs. To test this hypothesis, we analyzed 669 genes that were located within 100 kb of loci with suggestive associations to BD (P < 1e-4) in a recent GWAS with 7,481 BD cases and 9,250 controls (11) or which had an empirical P < 0.05 in a meta-analysis of this same sample together with four additional cohorts (12) . Ninety-three genes overlapped between those with synaptic functions and those with prior evidence from GWAS, for a total of 3,087 candidate genes. For pathway-level analyses, we focused on 325 Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, and BioCarta pathways that were statistically enriched [false discovery rate (FDR) < 0.05] among the 3,087 candidate genes.
We considered variants with minor allele frequencies (MAF) < 5% that were annotated to coding or regulatory functions. We defined gene-disrupting variants as those predicted to render one or more protein isoforms nonfunctional, including frameshift insertions and deletions (indels), stop-gain and stop-loss single nucleotide variants (SNVs), and splice-site variants. We also analyzed protein-coding variants that are predicted to alter just one or a few amino acids, including nonframeshift indels and missense SNVs. Regulatory variants were defined as noncoding variants that may be predicted to impact gene expression, including those that disrupt a transcription factor binding site in a gene's promoter or putative enhancer sequences, as well as variants located in 5′ or 3′ UTRs (SI Appendix).
Linear mixed modeling (13) of 5,730 biallelic SNVs with 1-5% allele frequencies and predicted coding or regulatory functions revealed associations between BD and four of these SNVs at an FDR (q) of <10% ( Fig. 1 A and B and SI Appendix, Table S2 ). The top associated SNV was a missense SNV in GABRA6 (rs3811993; T187M; P = 3.0e-5; q = 8.9e-2; Fig. 1C ). GABRA6 encodes the α-6 subunit of the GABA A receptor. GABA A receptors are pentameric chloride channels activated by GABA, the major inhibitory neurotransmitter in the CNS. The rs3811993 SNV in GABRA6 results in a threonine to methionine substitution at position 187 of the protein. Combined annotation-dependent depletion (14) (CADD v1.1) analysis predicted that this variant is among the top 0.1% most deleterious SNVs genome-wide (raw score = 3.04; scaled score = 21.8). Sanger sequencing confirmed 100% of the genotype calls from WGS. Targeted sequencing of this variant in an additional 3,014 cases and 1,717 controls from the Genetic Association Information Network (GAIN) (15) and Translational Genomics Research Institute (TGEN) (16) collections identified the rs3811993 variant in an additional seven BD cases and in only a single control.
Other significant SNVs were a noncoding SNV in the 5′UTR of GPR123 (rs147825070; P = 4.3e-5; q = 8.9e-2), a brain-specific, (13) . SNVs with significant associations (FDR < 10%) are indicated. (B) Uniform, quantile-quantile plot for the observed vs. null-expectation distribution of P values. Positive deviation from the null indicates the presence of true signal and effective accounting for family and population structure. (C) A missense SNV in the GABA receptor gene GABRA6 was associated with risk for BD (P = 3.0e-5). This SNV was identified in a total of 13 BD cases, 2 major depression cases, and 1 unaffected individual across seven pedigrees. Diamonds below an individual indicate WGS (filled, contains variant; unfilled, does not contain variant). BPI, bipolar disorder, type I; BPII, bipolar disorder, type II; MDDR, major depressive disorder, recurrent; NMI, no mental illness; OTH, other axis I or axis II diagnosis; SA, schizoaffective disorder; SEMD, single episode of major depression; UNK, unknown phenotype (not ascertained).
orphan G protein-coupled receptor (17) , and two SNVs in the 3′ UTR of NTSR1 (P = 6.3e-5; q = 8.9e-2). NTSR1 encodes the receptor for the neuropeptide neurotensin. A murine ntsr1 knockout showed alternations in sleep and affective behaviors (18, 19) .
To evaluate the effects of variants too rare to be detected in a single variant association test, we identified functional variants that cosegregated with disease in each BD pedigree and used the empirical distribution of segregating variants in control pedigrees to characterize genes and pathways with an increased burden of rare variants. No individual gene had a significant burden of segregating rare variants in BD pedigrees after correcting for multiple tests, although several genes had suggestive trends (SI Appendix, Table S3 ). We therefore focused on associations involving pathways and gene sets.
BD pedigrees had an increased burden of rare or uncommon (MAF < 0.05) variants in GABA pathway genes (P = 1.5e-4; q = 0.04; Fig. 2A) . Genes encoding GTPases (P = 6.8e-3), calcium/ calmodulin-dependent protein (CaM) kinases (P = 1.3e-2), and voltage-gated calcium channels (P = 3.6e-2; Fig. 2B ) also had suggestive P values (SI Appendix, Table S4 ). Several genes from each of these sets contained candidate variants in multiple BD pedigrees but in few control pedigrees. For instance, the GABA A receptor subunits GABRA4 (Fig. 2C) and GABRA1 each contained distinct segregating variants in multiple BD pedigrees, but equivalent variants were 4.3-fold less common in control pedigrees.
Focusing on a more restricted set of functional variants-rare (MAF < 0.01) gene-disrupting SNVs and indels-provided additional support for an association of BD with ion channel genes (SI Appendix, Table S5 ). We identified 437 genes that contained a segregating, rare, disrupting variant in any BD pedigree. These genes were enriched for nicotinic acetylcholine channels (three genes; P = 4.4e-4; q = 7.3e-2; SI Appendix, Table S5 ). The broader set of metal-ion transmembrane transporters also had a suggestive P value (11 genes; P = 3.1e-3), with rare, disrupting mutations in BD pedigrees in CACNA1G, CCS, CHRNA6, CHRNB4, CHRND, KCNQ5, KCNS1, MS4A2, SLC39A2, SLC40A1, and TRPM1 (SI Appendix, Table S5 ).
We obtained convergent evidence for several of these pathways by evaluating their expression patterns in the brain. Of the 27 pathways that had an increased burden of rare variants in BD pedigrees (SI Appendix, Tables S4 and S5), 8 pathways were enriched for genes that were differentially expressed in postmortem dorsolateral prefrontal cortex from BD cases vs. controls (20) (SI Appendix, Table S6 ). The pathways enriched for differentially 
Combining results from variant-and pathway-level models suggested that most affected individuals inherited multiple risk variants and that most of these variants were located in noncoding, presumptively regulatory regions. This analysis included 164 uncommon risk variants with evidence from both mixed modeling and pathway analysis. Genomes from affected individuals contained on average 6 of 164 risk variants compared with 1 of 164 in unaffected relatives and population controls (Fig. 2D) . Genomes of affected individuals typically contained risk-associated SNVs from multiple enriched pathways (SI Appendix, Figs. S9 and S10). One hundred forty-five of these 164 risk variants (88%) were located in promoters and 5′ and 3′ UTRs, whereas only 19 were nonsynonymous coding variants. For example, in GABRA4, 12 of the 13 variants that cosegregated with BD in one or more pedigrees were located in either the 3′ UTR or promoter (Fig. 2C) . Counts of risk variants in individuals could be influenced by false-positive and false-negative effects, and it is possible that large effect variants not considered in our analyses (e.g., copy number variants) reside in some of these pedigrees. Nevertheless, the available evidence suggests that genetic risk in most of these pedigrees involves oligogenic combinations of rare variants, most often located in promoters and 5′ and 3′ UTRs, perhaps in combination with common variants.
We obtained independent evidence for the roles of 26 genes by sequencing their coding and regulatory regions in 3,014 European-American BD cases and 1,717 controls from the GAIN (15) and TGEN (16) collections. Of these 26 genes, 20 were identified in this study (10 voltage-gated calcium channel subunits, 5 GABA A receptor subunits, and 5 CaM-kinase signaling genes), and 6 genes were implicated by published GWASs and candidate gene studies (ANK3, TENM4, NTRK2, NTRK1, NGF, and BDNF; SI Appendix, Table S7 ). Samples were sequenced in pools containing DNA from up to 37 individuals. This strategy yielded accurate allele frequency estimates, even for rare variants (SI Appendix, Table S8 and Figs. S7-S11).
We found relatively little evidence that protein-coding variants in these 26 candidate genes are associated with BD. No gene had a significant sequence kernel association test (SKAT) (21) or C-alpha (22) P value in models that considered the combined effects of protein-coding variants with both risk and protective variants (Table 1 and SI Appendix, Table S9 ). A single gene, ANK3, reached statistical significance in a gene burden model that assumes only risk variants and not protective variants are present in a gene (P = 1.8e-3, q = 2.2e-2).
By contrast, we identified significant associations between risk for BD and rare, noncoding promoter and enhancer variants that were predicted to impact transcription factor binding sites (23) in 6 of the 26 candidate genes (SKAT; q < 0.05; Table 1 and SI Appendix, Table S10): CACNA1B, CACNA1C, CACNA1D, CACNG2, CAMK2A, and NGF. In addition, CACNG1, GABRA4, TENM4, and GABRA1 had nominally significant P < 0.05. Similar results were obtained with C-alpha and with alternative strategies for data normalization (SI Appendix, Table S10 ). No gene reached statistical significance in a gene burden model assuming only risk variants are present (SI Appendix, Table S10), so the genes with significant SKAT P values are likely to contain a combination of risk, protective, and neutral variants.
Discussion
There are two main findings in this study. First, rare risk variants for BD were enriched in genes and pathways that regulate neuronal excitability, with the strongest signal in two groups of ion channels: GABA A receptors and voltage-gated calcium channels.
Second, most of the risk variants that we discovered are noncoding variants with predicted regulatory effects.
Rare variants in ion channel genes-especially subunits of GABA A receptors and voltage-gated calcium channels-were associated with risk for BD both in families and in the casecontrol cohort. GABA A receptors are widely distributed in the brain and are the primary channels through which GABA inhibits the excitability of neurons in the central nervous system (24, 25) . Abnormalities in GABA function have been postulated for many years in bipolar disorder and are supported by the observation of decreased CSF GABA in bipolar patients (26) , as well as alterations in GABA subunit ratios in the postmortem brain (27) . Positive allosteric modulators of GABA A receptors (benzodiazepines) are used adjunctively in the treatment of mania, a key aspect of BD. Mechanistic studies of the risk variants identified in this study could lead to personalized therapies focused on specific GABA A receptor subunits.
Voltage-gated calcium channels in the extracellular membrane of postsynaptic neurons are activated by membrane depolarization. Channel activation causes an influx of Ca 2+ ions into the cell, leading to increased neuronal excitability, changes in gene expression, and other physiological changes. Voltage-gated calcium channel variants have been among the most consistent signals from psychiatric GWASs (5). This is consistent with preexisting data regarding the importance of calcium signaling in BD. Although early studies of the calcium channel blocker verapamil suggested efficacy, more recent studies of calcium channel blockers have been mixed, suggesting that a subset of patients may respond (28) . Lymphocytes of patients with bipolar disorder have also been shown to have an elevated calcium response to stimulation (29) . Rare risk variants in these voltage-gated calcium channel genes have been discovered in schizophrenia and autism (10, 30) . An important goal of future studies will be to elucidate functional consequences of the risk variants in these channels and their impact on each psychiatric disorder.
It is likely that additional classes of genes contribute to risk for BD. We found an elevated burden of risk variants in nicotinic acetylcholine receptors and CaM kinases. Others have reported variants in potassium channels and other gene sets (7, 12) . As larger sample sizes become available, it will be possible to conduct unbiased genome-wide analyses. All of the associations reported in this study should be replicated with larger sample sizes.
The symptoms of BD are derived from biological activities at multiple scales, including the activities of networks of neurons. Targeted sequencing was performed for genes encoding 10 calcium channels, 5 GABA receptors, and 5 calmodulin-dependent protein kinases with evidence for association with BD from whole-genome sequencing and for 6 candidate genes with evidence from GWAS. We evaluated associations between BD and combinations of rare risk variants and protective variants in each gene using SKAT, and we report empirical P values from 100,000 bootstrap permutations. Coding variants and regulatory variants were tested separately. Results are shown for six genes with significant rare variant associations to BD (q < 0.05). Results for all 26 genes are provided in SI Appendix Tables S9 and S10. NA, not applicable.
Neuronal networks and the individuals harboring these networks can have stable attractor states. These attractor states may be stable despite instability of any one neuron or shifts in the architecture of the network driving these responses. BD is characterized by episodic symptoms, so genetic architecture of BD is likely to promote episodic rather than permanent changes in state.
Genetic variation contributes to architecture shifts both by altering coding for the physical elements of the network and by regulatory rewiring. These changes could result in neuropsychiatric disease either by causing a network to persistently reach a perturbed attractor state or to episodically move between weaker attractors, such as a manic state or a depressed state. A mutation that would be predicted to have a weak effect by current variantannotation algorithms-including regulatory and missense variation at nonconserved positions-might be sufficient particularly in combination with other weak variants to shift the architecture of the network enough to cause BD by weakening barriers between attractors. This weakening may include destabilization of the normal euthymic state by increasing neuronal excitability. Quite possibly, stronger perturbations to the very same genes that cause BD would cause other disorders, such as schizophrenia, by perturbing the network to a larger extent. Our observations are consistent with this model, at least for many families with segregating BD. In these families, many variants of weak effects together in an individual increase risk for BD.
We observed striking heterogeneity both for variants and for genes. Therefore, altered neuronal network states in BD arise from different sets of risk variants in different individuals, showing that in BD these unstable physiological network fates can be reached by many distinct molecular mechanisms (31) . Theoretical and experimental studies in animal models have demonstrated that identical activity in neuronal circuits can arise from many different patterns of ion channel gene expression (32, 33) . Similarly, we hypothesize that cellular differences in neuronal excitability underlying susceptibility to mania and depression can arise from distinct combinations of ion channel variants.
Data from this and other studies suggest an important role for the regulation of gene expression in psychiatric disorders. We find a predominance of rare noncoding variants with predicted regulatory functions affecting ion channel genes, both in pedigrees and in the case-control cohort. For several pathways, we identify both genetic regulatory burden and differential expression changes, emphasizing the value of multiple data types for systems biology analyses. Consistent with our hypothesis that BD should be driven largely by variants of mild molecular effect, most of these regulatory variants will have relatively mild effects, at least compared with gene-disrupting variants. Common disease-associated SNPs are also enriched in regulatory regions across several diseases (34, 35) , including well-characterized risk variants for psychiatric disorders (36, 37) . Increasingly, it is becoming possible to predict the effects of noncoding variants on brain gene expression. These predictions, together with the identification of risk variants from genetic studies such as we present in this report, are the building blocks for constructing gene regulatory networks. A next step for research will be to model and predict risk for BD and potential response to particular therapies with such gene regulatory networks.
Materials and Methods
Whole-Genome Sequencing and Analysis. The 41 BD pedigrees were drawn from a set of 972 multiply affected pedigrees collected by the National Institute of Mental Health (NIMH) Genetics Initiative and by sites at the University of California, San Diego; the University of California, San Francisco; and the University of Chicago. This sample has been described previously (38) . DNA derived from whole blood or from lymphoblastoid cell lines was obtained from the Rutgers University Cell and DNA Repository (Rutgers, NJ) and from the Corriell Institute (Camden, NJ).
Population controls were drawn from a collection of >1,200 genomes in an in-house collection at the Institute for Systems Biology (Seattle, WA). The control pedigrees were originally ascertained on a variety of nonpsychiatric diseases, including a large pedigree segregating a monogenic form of cardiomyopathy (39), 10 pedigrees with Adams-Oliver syndrome (40, 41) , 3 pedigrees with Fanconi anemia, and other ongoing studies. Individuals in the control pedigrees are likely to have a rate of BD comparable to that in the broader population (∼1-2%).
Whole-genome sequencing was performed to >40× coverage by Complete Genomics. SNVs, insertions, and deletions were called with the Complete Genomics analysis pipeline version 2.0 or 2.2, relative to the human reference genome GRCh37. We annotated variants to RefSeq gene models with Ingenuity Variant Analysis (Qiagen). We used additional annotations from the Family Genomics Workflow (42), including allele frequency estimates from Kaviar (43) . Linear mixed modeling of single variant associations was implemented with EMMAX (13) . Associations of genes and pathways with BD were calculated by comparing the frequency of fully and nearly fully segregating variants in BD pedigrees to an empirical distribution in control pedigrees. See SI Appendix for further details.
Targeted Sequencing and Analysis. For each of 26 selected genes, we targeted all exons from knownGene gene models (University of California Santa Cruz Genome Browser). In addition, we targeted the following noncoding regions with putative regulatory functions: the complete 5′ and 3′ UTRs; the core promoter 1-1,000 bp upstream of each transcriptional start site (TSS); and putative enhancers within 5 kb of each TSS, defined by DNase hypersensitive regions from the Encyclopedia of DNA Elements project (44) .
Targeted sequencing was performed on 3,014 BD type 1 cases and 1,717 neurologically cleared controls of European-American ancestry. Samples were primarily from the GAIN and TGEN collections and also included 169 BD cases from a new prospective sample of lithium responsiveness in BD. DNA derived from whole blood or from lymphoblastoid cell lines was obtained from the Rutgers University Cell and DNA Repository. Samples were combined into 149 pools, with each pool containing equimolar quantities of DNA from 16 to 37 individuals. We performed PCR amplification of 3,061 250-bp target regions within the 26 selected genes using TruSeq Custom Amplicons (Illumina). We used 8-bp dual indexing to provide a unique barcode for each pool and performed paired-end 250-bp sequencing on four flowcells of a HiSeq2500 sequencer.
Sequence reads were aligned to the human reference genome (GRCh37) using Burrows-Wheeler Alignment (45), followed by indel realignment with the Genome Analysis Toolkit (46) . We used SNVer (47) to call SNVs in each pool and to estimate per-pool allele frequencies. Allele counts of low-frequency variants were normalized to adjust for stochastic variation in read depth. Statistical associations between the rare variants in each gene and BD affection status were assessed with the SKAT (21) and C-alpha (22) . We report empirical P values from 100,000 resampling permutations. See SI Appendix for further details.
